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ABSTRACT

This paper presents calculations for the compression efficiency of the rolling-piston type
rotary compressors, which is significantly determined by the heat transfer from the high
temperature circumstances outside the compression mechanism into the compression chamber,
through the thrust plates. The heat transfer was calculated by the forced turbulent convection
heat transfer theory, and the compressed gas pressure was calculated to reveal the compression
efficiency. Calculations were made for a representative combination of the major dimensions,
such as the cylinder inner radius , the rolling-piston radius and the cylinder depth.
INTRODUCTION

The suction volume of rolling-piston type rotary compressors is determined on the basis
of the major dimensions, such as the rolling-piston diameter, the cylinder depth and the cylinder
bore. It becomes clear that there are many combinations of the major dimensions that yield a
rolling-piston rotary compressor with the same suction volume. It must be quite significant to
examine which combination is the best in performance for the compressors. The frictional
losses and the refrigerant gas leakage change, depending upon the combination of the major
dimensions, thus significantly affecting upon the mechanical and volumetric efficiencies.
Based on such viewpoint, the computer simulations were made for the optimum combination of
the major dimensions, which yields the highest performance in mechanical and volumetric
efficiencies, by Ishii et al. (1990 Ill; 1998 /2/). Ishii et al. (1990 /3/; 1992 /4/; 1994 /5/; 1996
161; 1996 17/) has made similar calculations for the scroll compressors.
Of quite significance in addition to the mechanical and volumetric efficiencies is the
compression efficiency that is caused by the heat losses. Especially the heat loss caused by the
heat transfer from the high temperature circumstances outside the compression mechanism into
the compression chamber, through the thrust plates, is quite significant. The cylinder wall is
fairly thick, compared with the thrust plates. Therefore, it was assumed that the heat transfer
through the cylinder wall is less significant. The present paper assumes the flow pattern of the
refrigerant gas in the compressed chamber to be a well-developed turbulent flow. Thereby the
heat transfer trough the thrust plates was calculated by the forced turbulent convection heat
transfer theory for a flat plate, which is based on the Colburn's analogy. Caused by the heat
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transfer into the compression chamber, the compressed gas pressure significantly increases, thus
lowering the compression efficiency. The present study summarizes the basic theory to
calculate the heat transfer coefficient, the heat transfer quantity and the pressure, first.
Secondly the calculated results for the compression efficiency in addition to for the heat transfer
and the resulting pressure is presented. The calculations are made for a representative
combination of the major dimensions, such as the rolling-piston diameter, the cylinder depth and
the cylinder bore. The calculation method presented in this study is quite significant for the
next study by Ishii et al. (2000 /8/), where the net efficiency of the rotary compressors is
ultimately calculated for its optimal design.

HEAT TRANSFER IN ROTARY COMPRESSORS
A cross-sectional view of the rolling-piston rotary compressor is shown in Figure la,
cylinder inner radius is represented by R and the rolling piston radius is by r. The
the
where
suction volume Vs is given by
V s = 1t (R2 - r2) L

or

_H_ -

V5/R 2

-

1t{ 1-{r1R)2}

'

(1)

where H is the cylinder depth. The characteristic curve for combinations of the major
dimensions, R, r and L, is shown in Figure 1b, where the ordinate is the reduced cylinder depth.

Case(l) : r/R.=O. 5

(a) Cross-sectional view

Case(2) : r/R.=O. 7

4.0 . - - - - - - - - - - - , - - - - - ,

Case(3) : r/R.=O. 8

0

Top view
0.5
r/R

(b) Characteristic curves

Side view

1.0

(c) Various design and heat transfer

Figure 1. Rolling-piston rotary compressor and heat transfer through the thrust plates.
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Schematic explanation for 3 cases of combination is given in Figure lc, where the suction
volume was fixed at 10.26 cc and the cylinder radius at 20 mm. As the piston radius r increases,
the suction area between the cylinder and the rolling piston decreases, thus increasing the
cylinder depth L.
Of quite significance is that the heat transfer quantity changes depending upon the
combinations. As shown by the white arrows in Figure lc, Case (1) has a large heat-transfer
area, thus inducing a large heat transfer into the compression chamber, through the thrust plates.
Case (2) induces a medium heat transfer, and Case (3) induces a small. Thus, the compression
efficiency caused by the heat transfer loss definitely changes, depending upon the combination
of the major dimensions.

BASIC THEORY
Heat Transfer Coefficient and Heat Transfer Rate
The rolling piston forces the refrigerant gas in the compression chamber to move relative
to the thrust plates. Therefore, the heat
transfer from the thrust plates into the
L
refrigerant gas should be treated as the forced
convection heat transfer from the heated flat
Thrust plate
plate. The problem is how the pattern of
the flow in the compression chamber consists,
here.
Piston
Blade
Regarding the flow pattern in the
compression chamber, few studies have
been presented, and one may assume that
the refrigerant gas compressed at a high
speed results in a well-developed turbulent
flow pattern, as shown in Figure 2. The
representative length of the heat transfer area Figure 2. Well-developed turbulent flow pattern
is indicated by L, and the main flow velocity
in the compression chamber.
is by Ua,.
The heat transfer coefficient can be derived from the Colburn's analogy:
N u =9:u
2 ..'e

p}
r '

(2)

which prescribes the relation between the skin friction coefficient for the velocity boundary layer,
C f• and the Nusselt number for the thermal boundary layer, N u· The Reynolds number is
represented by Re and the Prandtl number is by P r· N u, Re and P rare respectively defined by
_ _ax

Nu =

A

=

'Re-

u""x

v

=

'Pr-

J.LCp
'
A

( )
3

where a. is the local heat transfer coefficient, A. is the thermal conductivity, v is the kinematic
viscosity, J.L is the viscosity coefficient and ~ is the specific heat at constant pressure. As
shown in Figure 2, the distance from the piston Is represented by x.
The Nusselt number represents the heat quantity ratio of the heat transfer to the heat
conduction. The Prandtl number represents the ratio of the kinematic viscosity to the thermal
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diffusivity defined by A/pep (p: specific mass), which takes nearly on a constant value for gas,
independent of temperature and pressure. It has been well studied that the Colburn's analogy is
valid for the fluid of the Prandtl number from 0.5 to 50, even if the fluid is under a welldeveloped turbulent flow.
If the refrigerant gas flow on the thrust plates is so well-developed turbulent that the
Reynolds number is from 5 X 1cY to 107, the skin friction coefficient C r is empirically given by
_l

Ct = 0.0592 Re

(see Johnson & Rubesin, 1948/9/)

5 •

(4)

Substituting this expression into the Colburn's analogy, the Nusselt number is given by
4_

_l

Nu = 0.0296 R 5 P
e

r

3

or

u

)4-

1

a.= 0.0296 A (~ 5pJ X -1/5.

(5)

The average heat transfer coefficient over the thrust plate with the length of L , a , is derived as
follows:

(6)

where the mean Reynolds number ReL is defined by

ucxL

Rec=-.
v

(7)

The heat transfer from the heated solid surface into the fluid is essentially subject to the
Newton's law of cooling. Representing the thrust plate temperature by Tw and the compressed
gas temperature by T, the heat transfer rate Q is given by
Q=a.(Tw- T) S
(8)
where S represents the heat transfer area, as shown in Figure 1a.

Compressed Gas Pressure
The heat quantity which transfers into the compressed gas during a small time of dt, is
given by Qdt. Therefore, the first law of thermodynamics gives the following equation:
Qdt = G CvdT + pdV ,

(9)

where G is the gas mass, cv is the constant-volume specific heat, dT is the temperature increase,
p is the pressure and dV is the volume increase. The right-hand side first term of (9) represents
the internal energy increase. The equation of state is given by
pV = GRT ,

(10)

from which the following relation can be derived.
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GdT = j_ (Vdp + pdV)- TdG ,

(11)

R

where R is the gas constant.
Substituting (11) into (9); the pressure increase dp is given by
dp = j_ {( 1C- 1)Qdt- 1C pdV + RTdG} ,

(12)

v

where K represents the specific heat ratio.
dT =

GR

From (11), the temperature increase dT is given by

(Vdp + pdV)-,... dG .

(13)

u

Therefore, pressure p(t+dt) and temperature T(t+dt) at time (t+dt) can be calculated from those at
time t, as follows:
p(,t+dt)=p(t)+dp; T(t+dt)==T(t)+dT.

(14)

CALCULATED RESULTS
Representative Length and Main Flow Velocity
Of quite difficulty is to determine the representative length of the heat transfer area, L,
and the main flow velocity of the compressed gas, 11oo , which were shown in figure 2. Many
discussions could be made for the difficulty, and the present study roughly assumes that the
representative length L is given by the average of the cylinder inner length and the piston outer
length:

L == (2n: - e) (R+r) /2 ,

(15)

where 8 is the rotating angle of the piston, as shown in Figure 1a. Additionally, since the
tangential velocity of the compressed gas changes from 2xfR (f: crankshaft rotating speed Hz) at
its maximum value to zero, the present study roughly assumes that the main flow velocity 11oo is
given by its average:
UO()

== 1t f R .

(16)

Major Specifications
Regarding the heat transfer, the viscosity coefficient, the kinematic viscosity, the heat
conductivity, the constant-pressure and constant-volume specific heats are shown in Figure 3,
which vary depending upon the pressure and the temperature of the thermal film near the thrust
plate. The thermal film temperature Tr is given by the average of the thrust plate temperature Tw
and the compressed gas temperature T.
Other specifications are shown in Table 1. The refrigerant gas is compressed from the
suction pressure Ps with the temperature Ts of 18°C, to the discharge pressure Pd of 2.05 MPa.
The crankshaft rotating speed f was assumed 56.4 Hz. The thrust plate temperature Tw was
assumed 180 °C . The leakage height was assumed 10 mm both for the radial and axial
clearances.
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Figure 3. Specifications for heat transfer.
Temperature, Pressure and Compression Efficiency
Here assume the suction volume v. to be a small value of 2.5 cm3 , where the cylinder
radius R is 22 mm, the piston radius r is 14 mm and the cylinder height H is 2.8mm.
Calculated results are shown in Figure 4, in which the abscissa is the crankshaft-rotating angle e
for its one revolution.
As shown in Diagram (a), the Prandtl number Pr is from 0.8 to 0.9 and the Reynolds
number ~ is larger than 5 X 1fY except for near the end of compression. Thus it is ensured that
the Colburn's analogy given by (2) is well valid and the skin friction coefficient Cf given by (4)
is also valid. When the crankshaft rotation exceeds about 200 degrees, the compressed gas
starts to be discharged to make a sudden change in Re.

a,

The Nusselt number Nu and the average heat transfer coefficient
given by (5), are
shown in Diagram (b). As the gas is compressed, the specific mass increases and the heat
becomes easier to transfer into the gas, thus rapidly increasing the heat transfer coefficient. Nu
naturally exhibits the similar curve as for ~Diagram (c) shows the heat transfer area S on the thrust plates, which decreases with the
crankshaft rotation. Depending significantly upon this heat transfer area, the heat transfer rate
Q given by (9) decreases, as shown in Diagram (d).
As a result, the temperature T and the pressure p of the compressed gas, given by (13) to
(15), can be calculated, as shown in Diagrams (e) and (f), where the solid line is for with the heat
transfer and the broken line is for without the heat transfer. Due to the heat transfer, both the
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temperature and the pressure significantly show a higher value, compared with those for without
the heat transfer.
The compression efficiency is defined by the ratio of compression energy for without the
heat transfer to with the heat transfer. Diagram (f) resulted in the compression efficiency of
93.1%.
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Fiure 4. Temperature and pressure calculated for the suction volume of 2.5cm3 ,
the cylinder radius of 22mm and the piston radius of 14mm.

CONCLUSIONS
The present study introduced a rough treatment for the gas flow pattern in the
compression chamber, the main flow velocity and the representative flow length on the heated
thrust plates. Thereby, however, the heat transfer into the compression chamber, through the
thrust plates, could be first calculated, thus making it possible to calculate the compression
efficiency. The representative calculations for the suction volume of 2.5 cm3 with the cylinder
radius of 22 mm and the piston radius of 14 mm were presented to prove the rough treatment to
be fairly reasonable. Furthermore, it was shown that the reasonable value of 93.1 %could be
obtained for the compression efficiency. The method of calculation for the compression
efficiency, here presented in this study, could be effectively used in the next study for the net
efficiency simulations for the optimal performance of the rotary compressors.
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